ABSTRACT The basic physical properties of La2CuBiS5 are studied by the first-principle calculations and the semiclassical Boltzmann theory. Charge density difference calculations show that electrons accumulate between Bi-S atoms, indicating considerable covalent bonding of Bi and S atoms. A similar charge density difference indicates that the Cu-S bonds also exhibit covalent character. The calculated minimum thermal conductivity of La2CuBiS5 is low, which is conducive to its use as a thermoelectric material. Owing to a bipolar effect, induced by thermal excitation, the material's Seebeck coefficient decreases sharply at T = 800 K. For the n-type and p-type doping conditions, the largest values of S 2 σ/ / /τ were calculated as −1.71×10 11 and 1.837×10 11 W K −2 ms −1 , respectively. The combination of a large dispersion and a high band degeneracy along the Γ-Y direction in the band structure simultaneously induces the highest Sy value and a high σ/ / /τ y value. Thus, the thermoelectric performance of La2CuBiS5 is anisotropic and most favorable along the y direction.
INTRODUCTION
The search for new rare-earth metal chalcogenides and their properties is an important area of research in materials science and technology. The unique lattice structures and unusual physical properties of these compounds have attracted the attention of many scientists. For example, the structure of Ba3SmInS6 [1] contains one-dimensional anionic chains of [SmInS6] 6− units; LaOBiS2 crystallizes in a layered structure with La2O2 layers interleaved by layers of Bi2S4 [2] ; La2CuS4 [3] has discrete anion triples 12− in its lattice structure; the superconductivity of YBa2Cu3O7−δ [4] [5] [6] is, in part, a result of the valence of copper ions and differences in their oxygen atom coordination environment; AgPbmLaTem+2 [7] shows high electrical conductivity and a relatively small Seebeck coefficient.
In recent years, a large number of rare-earth metal chalcogenides compounds have been synthesized [1, 8, 9] . The structures of these compounds are chain or layered-type, similar to those of Zintl phase materials and polar intermetallic compounds. The promising thermoelectric performances of Zintl compounds (e.g., Ca5Al2Sb6) [10] [11] [12] and intermetallic compounds (e.g., BiCuSeO) [13] [14] [15] have also drawn attention. However, rare-earth metal compounds have not been widely studied and their thermoelectric properties remain poorly understood. Recently, Bobev et al. [16] synthesized a new rare-earth metal compound La2CuBiS5 and analyzed its structure. To our knowledge, no theoretical studies on the chemical bonding and electronic and thermoelectric properties of La2CuBiS5 have been reported. This fundamental physical information would be useful for assessing its potential technological applications.
COMPUTATIONAL METHODS
The experimental lattice structure of La2CuBiS5 is used as the initial model and is relaxed by the general potential linearized augmented plane-wave (LAPW) method, as implemented in WIEN2K. The k-mesh is 10×10×10 in the irreducible Brillouin zone (BZ), and the plane wave basis cutoff is Rmt×Kmax = 7.0, in terms of the smallest muffin-tin radius Rmt and the maximum plane wave vector Kmax. Owing to the high mass of Bi and La atoms, spin orbit coupling is considered in our calculations. The electronic structure is calculated by the Tran-Blaha-modified Becke-Johnson (TB-mBJ) exchange-correlation potential, which has been shown to yield accurate band gaps for most semiconductors [17] [18] [19] .
On the basis of the electronic structure, the thermoelectric properties of La2CuBiS5 are obtained by semiclassical Boltzmann theory with a constant scattering time approximation as implemented in the BoltzTraP code [20] . In our calculations, the rigid-band approach is used to simulate the thermoelectric performance as a function of the doping level. This method has been used to successfully study many thermoelectric materials.
RESULTS AND DISCUSSION
Lattice structure, bonding, and thermal conductivity The lattice structure of La2CuBiS5 and its first BZ are shown in Fig. 1 , as an orthorhombic system with the space group Pnma (No. 62). The optimized equilibrium lattice constants are a = 12.012 Å, b = 4.0103 Å, and c = 17.077 Å. The calculations agree well with the experimental lattice constants. There are two inequivalent atomic positions for La, a single position for Cu and Bi each, five different positions for S. The CuS4 tetrahedra and BiS6 octahedra are formed in the lattice structure of La2CuBiS5.
The charge density difference (CDD) can directly display the transfer of electrons between different atoms, making it a useful method to judge the nature of chemical bonding in a system. CDD is calculated by the following equation : CDD ,
where, ρscc represents the charge density of La2CuBiS5 from a self-consistent calculation (scc); ρnscc is the non-self-consistent calculation (nscc) for a superposition of atomic charge densities. The CDD isosurface of La2CuBiS5 is shown in Fig. 2 . Yellow and blue denote loss and gain of electrons, respectively. The Bi and S atoms devote their electrons to each other and electrons accumulate midway between the Bi and S atoms. Thus, the Bi-S bond has considerable covalent character. A similar electron accumulation exists between the center of Cu and S atoms. Hence, the Cu-S bond also exhibits covalent character. From Fig. 2 , the loss of electrons around the La atoms suggests that La atoms provide electrons to the CuS4 tetrahedra and BiS6 octahedra. The coexistence of ionic and covalent bonding in La2CuBiS5 is similar to the bonding situation of Zintl phase compounds. Previous studies [21, 22] showed that the complexity of the coexistence character often led to exceptionally low thermal conductivity, whereas the interconnected covalent substructures can lead to paths for high-mobility charge transport. Therefore, the covalent bond substructure (CuS4 tetrahedra and BiS6 octahedra) enables a high carrier mobility, and the complex lattice structure can effectively scatter phonons and reduce the thermal conductivity.
Recently, the ShengBTE method [23] has been used to calculate the thermal conductivity as a function of the temperature. In this method, its main inputs are set of secondand third-order interatomic force constants, which can be calculated using third-party ab-initio packages such as VASP and Wien2k.
In this paper, we tried to calculate the main inputs using the VASP. However, the calculations are strongly related to the atom numbers in the unit cell. Thirty-six atoms in La2CuBiS5 unit cell make the calculations difficult. Because the calculation of phonon scattering requires a developed understanding of the lattice dynamics and very long computational times are necessary to run these simulations. Therefore, we have to give up the calculations. Here, we use the Clarke model, which has been shown to be an effective method for assessing the minimum thermal conductivity [24] . The minimum thermal conductivity in the Clarke model is defined as [25] :
where kB is the Boltzmann's constant, NA is Avogadro's number, n is the number of atoms per unit cell, M is the mass per unit cell, ρ is the density, and Y is the Young's modulus. The value of Y is calculated from the bulk modulus B and shear modulus G:
The values of B and G are obtained from the calculations of the elastic properties of the materials and the results are listed in Table 1 . Here, the elastic properties are calculated from the strain-stress method. A small, finite strain is applied to the stable structure and then the atomic positions are optimized. Elastic properties are obtained by fitting the stresses and strains of the strained structure. We compared the min Clarke of La2CuBiS5 with that of two other Zintl phase materials [21, 26] . These results suggest that La2CuBiS5 has a low thermal conductivity. Fig. 3 shows the electronic structure of La2CuBiS5 including the total and partial density of states (DOS) and band structure. As shown in Fig. 3a , there are three distinct regions in the valence bands. In the lowest energy region (−13.79 to −11.61 eV), the DOS is composed primarily of S 3s orbitals. From −10.25 to −8.83 eV, the DOS originates from the Bi 6s and S 3s states, and the strong hybridization between Bi and S atoms confirms the covalent bonding between Bi-S, discussed in relation to Fig. 2 . The DOS just below the valence bands maximum (VBM) derives mainly from the Cu 3d states. For the conduction bands (1.31 to 2.42 eV), the La 5d states dominate the DOS. According to Equation (4), the DOS is related to the Seebeck coefficient S [27] .
Electronic structure
where n(ε) is the carrier density, μ(ε) is the mobility, q is the electronic charge, and κB is the Boltzmann constant. Therefore, a high DOS near the Fermi level usually leads to a high Seebeck coefficient. A change of the distribution of electronic states near the VBM or CBM will improve the thermoelectric properties of the material. The band structure of La2CuBiS5 is shown in Fig. 3b . The maximum point in the valence band and the minimum point in conduction band are both located at the Γ point. Thus, La2CuBiS5 is a semiconductor with a direct band gap of 1.31 eV, which is consistent with the value 1.30 eV measured by optical diffuse reflection spectroscopy [28] . We plotted the band structure in the energy window −1.0-2.0 eV, because the thermoelectric properties were mainly determined by the energy bands near the Fermi level.
Thermoelectric properties
The thermoelectric conversion efficiency is defined by the dimensionless figure of merit zT S T / . 2 
=
Here, S, σ, T, and κ represent the Seebeck coefficient, electrical conductivity, temperature, and thermal conductivity, respectively. The thermal conductivity κ is the sum of the electron thermal conductivity κe and the lattice thermal conductivity κl. In the rigid-band approach, a shift of the Fermi level indicates doping of the compound. For a doped semiconductor [21] , the thermoelectric parameters can be expressed as follows: 
neµ, =
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where e is the electronic charge, n is the carrier concentration, Nv is the band degeneracy, and μ is the carrier mobility. are the density-of-states effective mass with the wave vector k and the band mass, respectively. Fig. 4 shows the thermoelectric properties of La2CuBiS5 as functions of the carrier concentration and the temperature. The positive and negative values denote p-type and n-type doping respectively. In Fig. 4a , S increases with increasing temperature and decreases with increasing carrier concentration. The results are consistent with Equation (5). According to Equation (5), S is proportional to the temperature T and is inversely proportional to the carrier concentration n. At T = 800 K, the sharp decrease of S indicates a bipolar effect owing to thermal excitation. A Seebeck coefficient influenced by a bipolar effect can be written as:
where Sn is the Seebeck coefficient of electrons and σn is the electrical conductivity of electrons; Sp is the Seebeck coefficient of holes and σp is the electrical conductivity of holes. The thermal excitation becomes stronger with increasing temperature and consequently the carrier concentration increases. Therefore, the contribution to the Seebeck coefficient S from minor carriers increases with increasing temperature. At low temperature, the contribution is negligible, whereas the contribution cannot be ignored at high temperature. Thus, S is suppressed at T = 800 K owing to for the n-type doping.
From Equation (7), σ/τ is proportional to the carrier concertation. Therefore, σ/τ increases with increasing n in Fig.  4b , whereas the variation of σ/τ at different temperatures is small. The σ/τ value for the n-type doping condition becomes much larger than that of p-type doping as n increases. The contribution from S combined with that from σ/τ gives the largest value of S 2 σ/τ for the n-type doping, close to that of the p-type doping, as shown in Fig. 4c . The largest S 2 σ/τ = −1.71×10 11 W K −2 ms −1 appears at n = 3×10 20 cm −3 for n-type doping, and at n = 8×10 20 cm −3 for p-type doping with S 2 σ/τ = 1.837×10 11 W K −2 ms −1 . Therefore, the thermoelectric performance of the n-type doped materials is comparable to that of the p-type doped ones.
The Anisotropic thermoelectric property
The calculated anisotropic thermoelectric properties are similar at all temperatures. Thus, we ploted only the results of La2CuBiS5 at T = 600 K, as shown in Fig. 5 . In Fig.  5 , we obtain Sy > Sx > Sz, σ/τy ≈ σ/τx > σ/τz for the p-type doing, and Sy ≈ Sx > Sz, σ/τy > σ/τx > σ/τz for the n-type doping. Thus, (S 2 σ/τ)y > (S 2 σ/τ)x > (S 2 σ/τ)z (Fig. 5c ) for both the n-type and p-type doping conditions. The anisotropic thermoelectric behaviors are related to the band structure. Refer to Fig. 3b, Si and σi (i = x, y, z) are dominated by the bands along the Γ-i direction, which is marked by the arrow. From Equations (3)- (7), a high band degeneracy Nν means a large m * DOS , which contributes to Si. The bands dispersion corresponds to the average band mass m * i , where Equation (7) is used [24] . A smaller dispersion band implies a larger m * i , whereas a larger dispersion band suggests a smaller m * i . To consider the contribution of the bands near the CBM or VBM, we first fitted the bands along the Γ-i direction by fourth-order polynomial expressions of the form E(k) = A+B1×k+B2×k 2 +B3×k 3 +B4×k 4 . In this way we determined the band mass
Finally, the average band mass m * i can be obtained by Equation (9) [21] . The results are listed in Table 2 . The value of m * i is inversely proportional to the mobility μ and consequently m ( / ) * i
1
. Therefore, the smallest m
in n-type or in p-type doping conditions leads to the largest value of σ/τy. Fortunately, the combination of the large dispersion and high band degeneracy along the Γ-Y direction causes the largest Sy and a high σ/τy to occur simultaneously, which gives rise to the largest (S 2 σ/τ)y for the n-type doping conditions (Fig. 5c) . Therefore, the thermoelectric performance along the y direction is better than that along x and z directions. La2CuBiS5. The results show that Bi-S and Cu-S exhibit covalent character. From our analysis of the band structure, the calculated thermoelectric properties of materials with n-type doping are comparable to those of p-type doping. Furthermore, the anisotropic thermoelectric performance exhibits the relationship (S 2 σ/τ)y > (S 2 σ/τ)x > (S 2 σ/τ)z for both n-type and p-type doping conditions.
